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Saturated tabletop x-ray laser system at 19 nm
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Saturated operation of a tabletop x-ray laser at 19 nm is demonstrated with a laser-irradiated Mo slab target.
The output energy, the intensity, the near-field beam pattern, and the beam divergence are characterized.
The wavelength scalability and the high brightness make it a potential tool for x-ray laser applications.
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1. INTRODUCTION
Among modern x-ray sources, x-ray lasers1 have several
distinct properties. Generated from plasma columns pro-
duced by lasers or other high-power machines, x-ray la-
sers deliver highly monochromatic x-ray emission with
output energy up to millijoules with a bandwidth of
Dl/l ' 0.01% at wavelengths from 7 to 47 nm.2–4 This
has enabled applications such as microscopy of biological
specimens5 and probing of high-density plasmas,6 rel-
evant to laboratory astrophysics and inertial confinement
fusion. However, so far these applications have been ac-
complished only with large laser facilities built for laser
fusion research such as the Nova facility at Lawrence Liv-
ermore National Laboratory. The only saturated table-
top x-ray laser system is a capillary discharge,3 which
works at 47 nm and is difficult to scale to shorter wave-
lengths. For laser-pumped x-ray lasers, lasing in a rela-
tively small-scale system has been demonstrated in Ne
and Ni-like ions by use of ;30 J of pump energy by
Tommasini and colleagues.4

We report the first saturated operation of a laser-
pumped tabletop x-ray laser system using the novel
transient-electron collisional excitation scheme with the
wavelength ranging from 14 to 33 nm. The transient-
electron collisional excitation scheme7,8 uses a low-
intensity, long laser pulse (;1012–1013 W cm22, ;1 ns)
to generate plasmas from solid targets, which is heated
;1 ns later by an intense, short laser pulse
(;1015 W cm22, ;1 ps). The long pulse prepares prop-
erly ionized, large plasmas that allow better propagation
of the x-ray laser beam and more efficient absorption of
the short heating pulse. Kinetically, the ultrafast heat-
ing by the short, intense laser pulse generates unprec-
edented high gain and enables the x-ray laser to saturate
with a small target length. Saturation of transient-
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electron collisional excitation x-ray lasers has been dem-
onstrated previously with energy beyond the output of
present tabletop lasers.9

2. EXPERIMENTAL SETUP
The saturated operation of the x-ray laser was demon-
strated on the compact multipulse terawatt (COMET) la-
ser system at Lawrence Livermore National Laboratory.
The setup has been described before in detail.10,11

Briefly, a long-pulse (;600-ps) and a short-pulse (;1-ps)
beam from a tabletop, 1.053-mm Ti:sapphire–Nd:glass hy-
brid chirped-pulse amplification laser system are sent
into the target chamber. The short pulse is focused onto
the target to form an ;80 mm 3 12.5 mm line focus, while
the long pulse is two times broader to ensure a better
overlap with the short pulse. The irradiances on the tar-
get surface are lower than 1012 and 1015 W cm22 for the
long and the short pulses, respectively. The laser can be
fired once every 4 min, and parameters including energy,
pulse shape, pulse separation, near-field image, and spec-
trum were monitored. The line focuses were monitored
with an x-ray slit camera coupled to a charge-coupled de-
vice (CCD).

To more efficiently use the short-lived (picosecond
range) population inversion, we implemented a traveling-
wave excitation setup using a five-segment stepped
mirror.12 A phase velocity of ;c toward the spectrometer
was verified by a high-resolution optical streak-camera
measurement.13 We also did experiments to compare the
x-ray laser output with and without the traveling wave.
In the case without the traveling wave, the step mirror
was simply replaced by a flat one.

We used both near-field imaging and spectroscopy
methods to investigate the x-ray laser performance (Fig.
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1). Normally, the x-ray laser output is sent to an on-axis
flat-field grating spectrometer coupled to a back-thinned
CCD with a wavelength coverage of 14–35 nm. The spec-
trometer gives time-integrated spectra with angular reso-
lution in the plane of the normal of the target and the axis
of the line focus.

The imaging system (Fig. 1) consists of three Mo2C/Si
multilayer mirrors. One of them is spherical and images
the output aperture of the x-ray laser onto a back-thinned
x-ray CCD. The other two flat mirrors, one with normal
and the other with 45° incidence, fold the beam to obtain
a magnification of 14.1. With the 24-mm pixels of the
CCD this gives a maximum spatial resolution of 1.7 mm.
The calculated total reflectivity of the multilayer imaging
system is 5.9% with a bandwidth of 1 nm at 18.9 nm.
The narrow bandwidth of the system was verified by the
absence of lasing signal for shots on Nb (Z 5 41) and
Ti (Z 5 22) targets. To protect the multilayer mirrors
from target debris and thereby attenuate the x-ray laser
intensity and block the visible light, we used aluminum
filters of a variety of attenuations.

3. RESULTS AND DISCUSSION
As has been demonstrated before,14 using the traveling-
wave geometry dramatically enhances the transient-gain
x-ray laser output with respect to the case without the
traveling wave. In Fig. 2 we compare the total output of
the Ni-like 3d94d1S0 → 3d94p1P1 (here LS notation is
used) in Mo at 18.9 nm as a function of delay between the
long and the short pulses obtained from the imaging sys-
tem (For a typical image, see Fig. 4). We obtain the rela-
tive output by subtracting the background plasma emis-
sion and by integrating the whole image. The traveling
wave enhances the x-ray laser output by one to two orders
of magnitude for delays of 0.1 to 0.9 ns. In addition, in
the case with the traveling wave, the x-ray laser output is
less sensitive to the change in delay. In the following, all
results are obtained with the traveling wave.

Fig. 1. Top view of the schematic setup for the x-ray laser ex-
periment. The three multilayer x-ray mirrors M1 (spherical),
M2 (planar), and M3 (planar) are used to image the output aper-
ture of the x-ray laser onto the CCD with magnification of 14.
The x-ray laser can be sent to the flat-field spectrometer with M1
translated out of its way.
The on-axis spectra are normally dominated by the Ni-
like 3d94d1S0 → 3d94p1P1 laser line at 18.9 nm. There
is a second weaker laser line at 22.6 nm, identified as the
3d94f1P1 → 3d94d1P1 transition15 in Ni-like Mo [Fig. 3
(a)].

Saturation operation of the Ni-like Mo 18.9-nm x-ray
laser is evidenced by its output as a function of the target
length [Fig. 3(b)], which increases nonlinearly with the
target length up to 8 mm and then becomes approxi-
mately linear afterwards. Fitting to the Linford

Fig. 2. Comparison of the total output of the Ni-like
3d94d1S0 → 3d94p1P1 in Mo at 18.9 nm as a function of delay
between the long and the short pulses obtained from the imaging
system with (TWE) and without the traveling wave (No TWE).
The target length was 6 mm, with the long-pulse and short-pulse
energy fixed at 0.8 J and 5 J.

Fig. 3. (a) On-axis spectrum of the Ni-like Mo x-ray laser from a
10-mm-long target showing the Ni-like 4d1S0 → 4p1P1 and
4f1P1 → 4d1P1 lines at 18.9 and 22.6 nm, respectively. (b) The
Ni-like Mo 18.9-nm x-ray laser output as a function of the target
length with an overall gain–length product of 16.6. The long-
pulse and short-pulse energies were 1.13 J and 5.02 J, respec-
tively, with a delay of 0.7 ns. The error bars are due to fluctua-
tions between shots.
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formula16 for each length and summing over the total tar-
get length, an overall gain–length product of ;16.6 is
measured, 4.6 higher than that in a previous experiment
without the traveling-wave excitation.10,11 The main
contribution is from the short target lengths, where a
small signal gain of 36.5 cm21 for up to 3-mm-long targets
is measured, accounting for a gain length of ;11. As we
were not able to measure the gain for targets shorter than
2 mm, which might be still higher, we believe the gain
length is the lower limit on the error bar.

We notice that the gain coefficient falls continuously
with increasing target length as in previous
experiments,9 starting at 36.5 cm21 for 3-mm targets and
decreasing to 5.6 cm21 for 6- and 8-mm targets. We at-
tribute this to two reasons. The first is the rapid spatial
variation of the gain coefficients in combination with the
beam refraction. The second is the transient gain life-
time in combination with the noncontinuous traveling
wave. While the refraction deflects the x-ray laser beam
from the high-gain, high-density region, the segmented
traveling wave may not fully utilize the high gain with
lifetime shorter than the segment length. Both effects
deplete the effective gain at long target lengths.

A typical near-field pattern of the 18.9-nm x-ray laser
is shown in Fig. 4, where the target surface is at z 5 0
and the pump laser is incident from the top. The FWHM
of the lasing region is 90 mm in the y direction (parallel to
the target surface) and 70 mm in the z direction (normal to
the target surface), with peak emission ;30 mm from the
target surface. There are small-scale inhomogeneities,
which may be caused by the different gain lengths expe-
rienced by the individual rays.

The imaging system also allows one to measure the ab-
solute output energy of the x-ray laser. We did this by
first subtracting the background plasma emission and
then integrating the image and converting the CCD
counts into the absolute energy using the CCD efficiency,
the multilayer mirror reflectivity, and the filter transmis-
sion. The total output energy of the shot in Fig. 4 is 2.3
mJ. Taking into account the uncertainties in these pa-
rameters, we believe the measurement is the lower limit
and that it could be a factor of 2 higher.

Saturated operation of the x-ray laser is also verified by
the output intensity (Fig. 5), which we obtained by divid-
ing the output energy with the area of the output aper-
ture and an estimated pulse duration of ;7 ps. The es-
timate of pulse duration is based on the estimated gain
duration of ;15 ps from the nontraveling-wave experi-
ments where the gain lifetime is limiting the gain
length.11 Theoretically, considering spatial variation of
the gain in the plasma, simulation with the LASNEX17 and
XRASER18 kinetic codes estimated saturation intensities of
1.7–3.5 GW cm22. Comparing this with the measured
x-ray laser intensity in Fig. 5, we found that the Ni-like
Mo x-ray laser exceeds the saturation threshold in a large
parameter space, evidencing the saturated operation
and the robustness of the system. With a divergence
of ;5 3 10 mrad2, measured by the spectrometer, the Ni-
like Mo x-ray laser brightness is found to be of the order
of 1022–1023 photons s21 mm22 mrad22 in a 0.01% band-
width, 3 to 4 orders of magnitude higher than the bright-
est synchrotron sources at the same wavelengths. The
reproducibility of the x-ray laser output energy and near-
field pattern was also evidenced with the imaging system.

High output from Ni-like Zr to Cd, and Ne-like Ti to Fe,
with wavelengths ranging from 14 nm to 33 nm, are also
obtained. Such wavelength scalability is important for
determining the chemical composition of specimens in
biological and other applications.

4. CONCLUSION
In conclusion, we have demonstrated a saturated tabletop
x-ray laser at 19 nm with output energy of up to 2.4 mJ
with picosecond pulse duration and high brightness. Its
robustness and scalability in photon energy, and espe-
cially the compactness, make it a very promising tool for
x-ray applications.
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dotted lines indicate the range of the theoretical saturation in-
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